Introduction
Influenza A viruses evade the human immune system by changing the antigenic regions of their surface glycoproteins using two mechanisms: antigenic drift (point mutations) and antigenic shift (gene segment reassortments) (1) . Antigenic variation is further increased by divergent evolution, as influenza virus strains recirculate continually among different host reservoirs, especially humans and avian species. The HA glycoprotein is the main target of neutralizing antibodies and is composed of an immunodominant globular head domain and a stalk domain (2) . HA subtypes are classified into two groups based on their antigenic properties: amino acid sequences and structural features (3) . Group 2 influenza A viruses include the H3 subtype, which further contains the seasonal H3N2 human strains, and the H7 subtype, which contains highly pathogenic avian influenza A viruses (4) . Previously, infections with H7 viruses, through exposure to poultry, generally resulted in uncomplicated influenza illness and/or mild conjunctivitis (demonstrated for H7N3), with only one fatal case observed during an outbreak in The Netherlands (H7N7) (5, 6) . However in 2013, a novel influenza A virus (H7N9), the product of genetic reassortment of various avian strains, emerged in China. This virus, associated with a high frequency of fatal human disease, appeared to have a wide dispersion and the potential for human-to-human transmission (7) (8) (9) (10) (11) (12) . Although the virus received the most publicity in 2013 (a year with 153 cases), the H7N9 virus shows a seasonal pattern, with most infections occurring during the winter season. The incidence of infection continues to increase, with nearly twice as many new H7N9 infections (301 cases) reported in 2014, totaling 454 cases, according to the World Health Organization, as of July 2014. These cases occurred in 12 provinces of China, with imported cases in Malaysia and Taiwan. The incidence of H7N9 infection combined with its abilities to bind to human receptor orthologs and to develop resistance to neuraminidase inhibitors without fitness loss has raised concerns about the pandemic potential of the H7N9 virus (13) (14) (15) . With H7 strains currently posing a threat to human health, it is important to determine whether there is cross-protection generated from group 2 influenza virus vaccinations. Over several years, we have generated human antibodies from plasmablasts of volunteers vaccinated with the seasonal influenza virus vaccine (refs. 16, 17 , and our unpublished data). Because plasmablasts are activated during an ongoing immune response, this allows us to determine whether prior vaccination, especially with H3N2 strains, induced cross-reactive antibodies that neutralize H7 strains. Given the lack of a vaccine against novel H7 viruses, the isolation and characterization of monoclonal antibodies with neutralizing activity can direct vaccine design and also provide a therapeutic resource.
Results

Cross-reactive antibodies induced by past influenza A virus exposure react with novel pathogenic H7N9 strains. To identify H7-binding antibodies, we developed an antibody microarray technology that
The emergence and seasonal persistence of pathogenic H7N9 influenza viruses in China have raised concerns about the pandemic potential of this strain, which, if realized, would have a substantial effect on global health and economies. H7N9 viruses are able to bind to human sialic acid receptors and are also able to develop resistance to neuraminidase inhibitors without a loss in fitness. It is not clear whether prior exposure to circulating human influenza viruses or influenza vaccination confers immunity to H7N9 strains. Here, we demonstrate that 3 of 83 H3 HA-reactive monoclonal antibodies generated by individuals that had previously undergone influenza A virus vaccination were able to neutralize H7N9 viruses and protect mice against homologous challenge. The H7N9-neutralizing antibodies bound to the HA stalk domain but exhibited a difference in their breadth of reactivity to different H7 influenza subtypes. Mapping viral escape mutations suggested that these antibodies bind at least two different epitopes on the stalk region. Together, these results indicate that these broadly neutralizing antibodies may contribute to the development of therapies against H7N9 strains and may also be effective against pathogenic H7 strains that emerge in the future. Figure 2A and Supplemental Figure 2A) . These antibodies were also tested in a therapeutic model, with 15 mg/kg of each antibody being administered 24 hours after infection to the respective groups. All 3 antibodies were able to protect mice from the lethal challenge. A similar experiment was conducted with the antibody being delivered 72 hours after infection, and we observed 100% survival only with 042-100809-2F04. For the 045-051310-2B06 and S6-B01 antibodies, reduced survival, 80% and 60%, respectively, was observed ( Figure 2B and Supplemental Figure 2B ). These findings demonstrate that human antibodies induced by vaccination that bind H3N2 influenza virus strains infectious to humans can provide in vivo protection of mice against lethal infections with the pathogenic H7N9 influenza virus.
The cross-reactive antibodies neutralize various influenza strains. These H7-neutralizing antibodies are predicted to bind epitopes conserved among a wide variety of influenza strains. Therefore cross-reactivity to multiple influenza A group 1 (H1 and H5) and group 2 (H3, H7, and H15) recombinant HAs was assessed. 045-051310-2B06, 042-100809-2F04, and S6-B01 bound at low concentration to various H3N2 and H7 strains as well as the H15N9 strain, confirming their cross-reactivity within group 2 ( Figure 3 ). The antibodies bound H7 strains from both the North American and Eurasian lineages (phylogenetic tree, Supplemental Figure 3) , suggesting cross-protection will also exist against other potentially emerging avian H7 strains (20) . 042-100809-2F04 bound only to group 2 HAs. Not surprisingly, 045-051310-2B06 bound the A/California/04/2009 H1N1 strain at low concentration but also cross-reacted with various H1N1 strains. Interestingly, S6-B01 also bound to H1N1 strains, and both 045-051310-2B06 and S6-B01 cross-reacted with the A/Vietnam/1203/2004 (H5N1) HA (Figure 3) . None of the H7-neutralizing antibodies bound to influenza B HA of either the Yamagata or Victoria lineage (data not shown). Thus, these 3 antibodies displayed unique strain specificities.
To assess the breadth of neutralization capacity of these antibodies, we performed plaque reduction assays with various influenza virus strains ( Figure 4A ). 045-051310-2B06 and 042-100809-2F04 were able to prevent infection of MDCK cells, with similar efficacy for all of the H3N2 strains tested (PRNT 50 ranging from 6 to 19 μg/ml). Furthermore, both of these antibodies neutralized A/Shanghai/1/2013 (H7N9) but at a higher concentration when compared with that required for neutralization of H3N2 strains (PRNT 50 = 19 μg/ml for 045-051310-2B06 and PRNT 50 = 27 μg/ml for 042-100809-2F04). 045-051310-2B06 also showed neutralization efficacy against the A/chicken/Jalisco/12283/12 (H7N3) strain from the North American lineage (PRNT 50 = 18 μg/ml). S6-B01 potently neutralized all H3N2 and H7 strains at low concentrations (PRNT 50 ranging from 3 to 6 μg/ml). 045-051310-2B06 neutralized the A/California/04/2009 (H1N1) strain (PRNT 50 = 5.5 μg/ml), whereas S6-B01 did not (PRNT 50 > 120 μg/ml). This demonstrates that 042-100809-2F04 is a group allows high-throughput screening for cross-reactivity to influenza HA proteins ( Figure 1A ). We selected 83 antibodies, from 28 individuals, that were previously detected as H3N2 reactive by ELISA and tested their reactivity to different H3 and H7 recombinant HAs. We report here that 6 of the 83 (7%) H3-reactive antibodies bind both the A/Shanghai/1/2013 (H7N9) and A/Anhui/1/2013 (H7N9) strains isolated from the first infected patients in China. These 6 antibodies were each from different individuals, thus 21% (6 of 28 individuals) of this cohort had evidence of H7 cross-reactive immunity. Since we screened an average of only 3 H3N2-reactive antibodies per subject, we predict that a higher percentage of people previously vaccinated with H3N2 strains are likely to have cross-reactive antibodies that bind to the novel H7N9 strains.
To assess more comprehensively the frequency of crossreactive immunity within the vaccinated population, we analyzed the frequency of H3/H7-reactive memory cells 14 days after seasonal vaccination in 13 individuals by ELISPOT. Since cross-reactive antibodies typically bind to conserved epitopes on the stalk domain, we determined the percentage of H7 stalk-reactive memory cells by using a chimeric HA, which is composed of the stalk domain of the A/Shanghai/1/2013 (H7N9) strain and the globular head domain of an H4 strain (A/duck/Czechoslovakia/1956 [H4N6]), to which humans are naive (18) . Two control HAs were used: one composed of the globular head region of the H4 strain and one composed of the globular head region of the A/Shanghai/1/2013 (H7N9) strain. The reactivity of memory cells to H3 was assessed using commercially available H3 HAs. Using this method, 9% (median 9.3%, range 4.9%-15.9%) of H3N2 HA-reactive IgG memory cells bound to the H7 stalk. This suggests that, out of the H3N2-specific memory cells generated from seasonal vaccinations, 9% are group 2 cross-reactive ( Figure 1B) . Collectively, our antibody microarray and ELISPOT results demonstrate that at least 7% of H3N2-reactive B cells react with H7 influenza strains.
Three of the cross-reactive antibodies neutralize pathogenic H7N9 strains in vitro and protect mice from lethal infection. To determine the functional capacity of our H7 cross-reactive antibodies, we assessed their ability to neutralize the A/Shanghai/1/2013 virus in a standard microneutralization assay. Three of the six cross-reactive antibodies neutralized the H7N9 virus in vitro (045-051310-2B06, 042-100809-2F04, and S6-B01), whereas a human IgG control antibody did not ( Figure 1C Table 1 ; supplemental material available online with this article; doi:10.1172/ JCI74374DS1). The antibody 045-051310-2B06 was generated in response to the pandemic A/California/04/2009 (H1N1) strain. 045-051310-2B06 also bound the A/Uruguay/716/2007 (H3N2) strain, and all 3 neutralizing antibodies bound various H7 strains (Supplemental Figure 1) .
Because in vitro neutralization is not always predictive of in vivo potency (19) , we tested the protective efficacy of the 3 H7N9-neutralizing antibodies in a mouse model. Mice were treated prophylactically with 1.5, 5, or 15 mg/kg of each antibody intraperitoneally and then challenged with a lethal dose (7.5 LD 50 ) of A/Shanghai/1/2013 virus (H7N9). In this model, the 3 antibodies showed comparable efficacy, as they conferred protection at the lowest dose of 1.5 mg/kg, with all mice in each group surviving neutralizing antibodies herein showed no HI activity against any tested strain (data not shown). Moreover, competitive inhibition using CR9114, a previously described stalk-reactive antibody (19) , suggested that the epitopes targeted by the 3 antibodies are within the stalk domain of HA ( Figure 4B ). As expected, 009-10061-1D04, an antibody that displays HI activity ( Figure 4C ) and binds to H3N2 and H7 strains ( Figure 1A ), was not inhibited by any of the stalk antibodies tested ( Figure 4B ). To further map the epitopes targeted by the 3 neutralizing antibodies, we generated escape mutants of the A/Shanghai/1/2013 (H7N9) virus. It is postulated that, under antibody pressure, viruses undergo mutations at sites that are targeted by the antibody and this allows the identification of the binding site. We sequenced 4 escape mutants for each antibody and analyzed 2 broadly neutralizing antibody, whereas 045-051310-2B06 is a pan-influenza A-neutralizing antibody (both group 1 and 2). S6-B01 binds group 1 and 2 strains, but in vitro neutralization is only detected among group 2 viruses.
The neutralizing cross-reactive antibodies bind to conserved but distinct epitopes on the HA stalk domain. The majority of neutralizing antibodies generated after exposure to influenza viruses are strain specific, binding the highly variable loops on the globular head domain of HA. On the other hand, broadly neutralizing monoclonal antibodies (group 1 and 2) often bind conserved epitopes on the HA stalk domain. Antibodies that bind the head generally have hemagglutination inhibition (HI) activity, whereas antibodies that bind to the stalk domain of HA do not but neutralize by post-entry mechanisms of inhibition (21, 22). The H7N9- mutations with a wild-type globular head domain. We observed reduced binding to both mutated HAs for the antibody 045-051310-2B06 ( Figure 6 ). However, the loss of binding was more dramatic with the stalk-only mutated HA, suggesting that the stalk mutations are antigenic mutations. The same pattern of binding was detected when CR9114 was tested with the 045-051310-2B06 HA variants. In line with the immunofluorescence observations, a slightly reduced binding was seen with the fully mutated HAs for S6-B01. However, there was no reduction in binding to the stalk-only mutated HA. This finding was confirmed using CR9114, which has the same footprint as 045-051310-2B06 and S6-B01. Therefore, although these mutations mediate viral escape from neutralization by the antibody, they do not ablate antibody binding. Finally, 042-100809-2F04 showed reduced binding to its own HA mutants (both mutated stalk-only and fully mutated HAs). But the loss of binding was more dramatic when both the head and the stalk mutations were present. This was confirmed with CR8020, which has the same footprint as 042-100809-2F04.
Escape mutant viruses have diminished pathogenicity in vivo.
To evaluate the importance of the stalk mutations in the loss of viral fitness, we generated infectious reassortant viruses with these mutations for each of the 3 antibodies and determined the LD 50 of the different viruses in mice. Experiments were conducted with different challenge doses, ranging from 100 to 100,000 PFU per mouse. Although the 045-051310-2B06 and S6-B01 escape mutants probably share the same epitope, the lethality of the two mutants the compared with that of the parental A/Shanghai H7N9 strain was quite different. The 045-051310-2B06 escape mutant was highly attenuated (LD 50 > 1. , and none of the mice succumbed to infection. In contrast, the S6-B01 escape mutant closely mimicked the parental strain, and all mice challenged with 100,000 PFU succumbed to infection. However, the LD 50 of the S6-B01 mutant (LD 50 = 3.2 × 10 4 ) was still higher than that of the wild-type A/Shanghai H7N9 strain. The 042-100809-2F04 escape mutant was moderately attenuated (LD 50 = 5.2 × 10 4 ) ( Figure 7 ). All together, these results demonstrate that escape from stalk-reactive antibodies may have a negative effect on virus fitness in vivo.
The loss of binding observed for 042-100809-2F04 is only mediated by escape mutations in the HA stalk domain. We demonstrated earlier that the phenotype of the 045-051310-2B06 escape mutant was dependent on the stalk mutations (complete loss of binding and loss of viral fitness). Our results also suggest that 045-051310-2B06 and S6-B01 bind to the same epitope on the stalk region. For the 042-100809-2F04 escape mutant, the loss of binding was more dramatic when the head and stalk mutations were combined. In addition, the pathogenicity of the escape mutant viruses was moderate. In order to confirm that the mutations in the stalk domain are responsible for antibody binding, we generated infectious reassortant viruses with individual head and stalk mutations. We used immunofluorescence to characterize antibody binding to four 042-100809-2F04 point mutant viruses: R364K (stalk mutation), G63E/ G234D (head mutations), G63E, and G234D. 042-100809-2F04 bound to the wild-type A/Shanghai H7N9 virus and to all combinations of the head domain mutation reassortants (G63E/G234D, the mutations. The same virus passaged in absence of antibody was used as a control. All 4 clones for each antibody displayed the same mutations. None of the mutations were found with the virus passaged without antibody, suggesting that the mutations were a result of the antibody pressure. A total of 3 amino acid substitutions were identified for each antibody in the HA segment (Table 1) . Interestingly, we observed mutations both in the stalk and the head domains. The escape mutant generated with the antibody 045-051310-2B06 displayed two mutations in the stalk region, V318I and I384N (H7 numbering starting with methionine), and one in the globular head region, G195E. The escape mutant generated with the antibody S6-B01 displayed one mutation in the stalk region, I384T. This mutation arose at the same residue as the escape mutant generated by 045-051310-2B06, but the substitution was different. Both mutations at this residue were located in the conserved epitope targeted by CR9114 (19) . Two mutations in the globular head, A198E and G214E, were also found. Finally, the escape mutant generated with the antibody 042-100809-2F04 displayed one mutation in the stalk region, R364K, and two in the globular head region, G63E and G234D. The stalk mutation was located in the conserved epitope targeted by CR8020, a group 2-neutralizing antibody (23) .
Escape-mediated loss of binding is complete for 045-051310-2B06 and 042-100809-2F04 but not for S6-B01. To test the effect of the mutations on antibody binding, we infected MDCK cells with the original virus (A/Shanghai/1/2013) or the different escape mutant viruses and assessed the binding of each antibody to the cells by immunofluorescence ( Figure 5 ). 045-051310-2B06 had no detectable binding when the cells were infected with its corresponding escape mutant, suggesting that the mutations affect antigenicity (24) . In addition, there was no binding for 045-051310-2B06 to the escape mutant generated from S6-B01. Interestingly, for the S6-B01 antibody, binding to both of these escape mutants was only partially lost. Finally, the 042-100809-2F04 antibody lost binding to its own escape mutant but not to the escape mutants generated from the other two antibodies. These results confirm that the neutralizing cross-reactive antibodies bind to two different epitopes on the HA stalk domain.
To determine the role of the head versus the stalk domain mutations, we expressed different variants of the mutated recombinant HAs. For each of the 3 escape mutants, we generated two HAs and assessed antibody binding by ELISA; the first HA incorporated the mutations in both the head and the stalk domains, while the second HA incorporated only the stalk mutant (G63E/G234D/R364K) evaded antibody neutralization as well as virus with the stalk mutation alone (R364K). In contrast, all combinations of mutations on the head domain failed to evade antibody neutralization. As expected, 042-100809-2F04 neutralized the wild-type A/Shanghai H7N9 virus ( Figure 8B ). These results confirm that the binding site of 042-100809-2F04 is on the HA stalk domain.
G63E, and G234D). As expected, binding to the stalk escape mutant (R364K) was lost as well as binding to the control full escape mutant (G63E/G234D/R364K) ( Figure 8A ). To further characterize these point mutant viruses, we observed viral replication under the presence of antibody pressure (042-100809-2F04) in vitro via a microneutralization assay. In line with our previous results, the full 042-100809-2F04 escape 
Discussion
Here, we report the use of an antibody microarray and subsequent functional assays to identify and characterize 3 antibodies that neutralize the emerging H7N9 influenza virus strain and protect mice from infection. These findings have several important implications. First, we demonstrate that H7 cross-reactive antibodies induced by vaccination with H1N1 or H3N2 influenza A strains are not uncommon. Previous studies have shown that broadly reactive antibodies binding to the HA stalk region are relatively rare (25), but they were preferentially induced by exposure to the highly unique 2009 pandemic H1N1 strain (16, 26, 27) . It was hypothesized that exposure to this pandemic strain, which has a globular head domain that is highly divergent from prepandemic seasonal H1N1 strains, was activating cross-reactive memory B cells reactive with conserved epitopes (e.g., in the stalk region) that the virus shared with previous seasonal strains (2, 28). Indeed, one of the H7N9-neutralizing antibodies (045-051310-2B06) that we identified was induced by vaccination with this pandemic influenza strain. Importantly, the two other neutralizing antibodies, and the 3 H7 cross-reactive antibodies that bound without neutralizing activity, were primed by H3N2 seasonal strains. While it has been shown that H3N2 infection/vaccination can induce HA stalk-reactive antibodies, the design of these past studies could not predict the frequency at which the H3 stalk epitopes are targeted (29, 30) . Our study demonstrates that group 2 cross-reactive antibodies are not uncommon following vaccination with seasonal H3N2 strains. Although the level of serum protection in the general population remains to be determined, our results suggest that prior immunity against the H7N9 strain and other novel strains could be boosted with a vaccine eliciting cross-reactive memory B cells. Indeed, as recently demonstrated in mice, immunization with a chimeric HA protein expressing the H3 stalk domain induces broad protection against divergent H3N2 and H7 virus infection (31, 32) . It will be important to determine whether booster immunizations with divergent influenza strains in the general human population can lead to universal protection against most influenza strains. A better understanding of epitopes targeted by broadly neutralizing antibodies benefits the design and development of new influenza vaccines. It has been shown that neutralizing stalk-reactive antibodies are induced in relatively canonical responses encoded by the VH1-69 (19, 33) or the highly similar VH1-18 gene segments (26) .
In line with their similar binding and competition features, 045-051310-2B06 and S6-B01 are both encoded by the VH1-18 heavy chain variable gene segment (Supplemental Table 2 ), suggesting that these antibodies arose in a canonical response typical for binding to the HA stalk epitopes. Moreover, the escape viral mutations identified at residue 384 (I384N for 045-051310-2B06 and I384T for S6-B01) are located in the epitope targeted by the CR9114 antibody (VH1-69 gene segment), and the binding patterns of the antibodies (CR9114 and 045-051310-2B06; CR9114 and S6-B01) to the HA variants from escape mutants are identical. We hypothesize that these antibodies target the same or considerably overlapping binding. This mechanism would provide a distinct selective advantage to the resulting virus, as B cell memory to this epitope would now be nonprotective, allowing immune evasion in an original antigenic sin fashion. Second, all 3 neutralizing viruses developed not only mutations in the stalk region but also amino acid substitutions in the globular head domain of HA. Due to the distance between the mutations in the stalk domain and these in the globular head domain, and the fact that the mutations in the stalk domain were sufficient to strongly interfere with binding to the HA, it is unlikely that the mutations in the globular head domain are directly affecting the binding of 042-100809-2F04, 045-051310-2B06, and S6-B01. By elucidating the binding requirements of 042-100809-2F04 in the context of an in vitro infection, we now demonstrate clearly that 042-100809-2F04 binds to the stalk domain, regardless of the head mutations. Instead, the globular head mutations could compensate for the loss of structural integrity caused by escape mutations in the stalk. This would suggest that escape from neutralization with stalk-reactive antibodies comes with a fitness loss for the virus, which we observed in mice for all 3 escape mutant viruses. In addition, these head epitopes on the stalk region. The differences in the sensitivity to epitope mutations between the two neutralizing antibodies could be explained by the fact that different antibodies have unique modes of binding. A recent study showed that a difference in the approach angle of an antibody to an HA stalk region could explain diversity in antibody potency (34) . The antibody 042-100809-2F04 is encoded by VH3-23 (Supplemental Table 2 ). This antibody only binds and neutralizes group 2 strains and does not bind to the 045-051310-2B06 and S6-B01 escape mutants. Furthermore, the R364K mutation is located in the epitope targeted by the CR8020 antibody (23) .
In addition, 042-100809-2F04 has a similar binding pattern to HA variants as CR8020, suggesting that both antibodies have overlapping binding sites on the HA stalk region but target a different epitope than the group 1 and 2 broadly neutralizing antibodies. The generation of escape mutants in our study led to interesting observations. First, the binding of the antibody S6-B01 to the escape mutant HA was not altered by the mutations occurring in the stalk region, despite viral escape and growth. To our knowledge, this is the first demonstration of viral escape without the ablation of antibody mutations might cause other effects, such as enhanced avidity to cellular receptors or increased structural stability, which could facilitate escape from neutralizing antibodies (35) . These studies emphasize the importance of receiving the annual influenza vaccine for protection against current circulating human influenza strains and future strains with pandemic potential. Identification of broadly neutralizing monoclonal antibodies is of major interest for therapeutic approaches, and many antibodies with conserved epitopes have been isolated from mice and humans (16, 19, 22, 33, (36) (37) (38) (39) . These various antibodies and the 3 H7N9-neutralizing antibodies reported here may prove useful to treat infections with emerging and pathogenic influenza strains. Future studies to evaluate the protective efficacy and safety of these antibodies in humans could lead to the next generation of prophylactic or therapeutic agents against influenza viruses. Figure 6 . Binding analysis of the antibodies to recombinant HA escape mutants. Binding of the antibodies 045-051310-2B06, 042-100809-2F04, and S6-B01 to the corresponding HA mutants (both head and stalk mutations or stalk-only mutants) was assessed by ELISA. CR9114 and CR8020 antibodies were also tested against the mutant HAs. Absorbance was read at 490 nm. Reading above 3 is outside the linear range. The experiment was done in duplicate.
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jci.org Volume 125 Number 3 March 2015 ray reaction buffer (ArrayIt). To detect and normalize antibody signals, the slides were incubated for 1 hour with Cy3-conjugated goat anti-human IgG, Fc-fragment specific antibody (Jackson ImmunoResearch). Recombinant HA proteins were biotinylated with EZ-Link Maleimide-PEG2-Biotin (Pierce), and excess free biotin was removed using Zeba Desalting Columns (Pierce). Slides were incubated with 40 μg/ml of each recombinant HA for 1 hour and then with Alexa Fluor 647-conjugated Streptavidin (Invitrogen) for 1 hour. Signals were quantified using a GenePix 4000B microarray scanner and analyzed with GenePix Pro 6.0 software (Molecular Devices). Microarray data have been deposited in the MIAME-compliant GEO database (accession no. GSE63249 and GPL19411). ELISA assays. Plates were coated with recombinant HAs at various concentrations depending on the HA (from 0.5 to 5 μg/ml) in PBS (H15N9), A/California/04/09 (H1N1), and A/South Carolina/1/18 (H1N1) were expressed with a C-terminal trimerization domain and a hexahistidine tag in the baculovirus expression system as described before (41) . A chimeric HA made of the stalk region of A/Shanghai/1/13 (H7N9), and the globular head domain of A/duck/Czechoslovakia/1956 (H4N6) was expressed as well using the same system (18) .
Antibody microarray. Eighty-three H3N2-reactive antibodies were diluted in Protein Printing Buffer (ArrayIt) to 250 μg/ml and printed in triplicate on SuperEpoxy glass slides using the SpotBot 3 microarrayer (ArrayIt). Before use, slides were washed with PBS 0.05% Tween-20 and then treated with BlockIt blocking buffer (ArrayIt) for 1 hour at room temperature. Slides were washed 3 times with protein microarray wash buffer between each step, and all the reactions were done at room temperature in protein microar- , and Staphylococcus aureus Cowan (Sigma-Aldrich), as previously described (42) . After 6 days, cells were washed and plated on 96-well filter plates (Millipore) coated with 2 μg/ml of various HAs. Cells were incubated overnight at 37°C, and plates were washed and then incubated with an anti-human IgG-biotin antibody (Mabtech), followed by streptavidin alkaline phosphatase (Southern Biotech). Plates were developed using NBT/BCIP (Thermo Scientific). Hemagglutination inhibition assay. Viruses were diluted to 8 HA units per 50 μl, and 25 μl of virus was combined in duplicate wells with an equal volume of antibody serially diluted in PBS. 50 μl of 0.5% Turkey red blood cells (Lampire Biological) was then added and incubated for 1 hour at room temperature. Minimum effective concentrations were read based on the final dilution at which hemagglutination was observed. overnight at 4°C. After blocking, antibodies were incubated (starting concentration 10 μg/ml) for 1 hour at 37°C. HRP-conjugated goat anti-human IgG antibody (Jackson ImmunoResearch) was used to detect binding of the mAbs, followed by development with Super Aquablue ELISA substrate (eBiosciences). Absorbance was measured at 405 nm on a microplate spectrophotometer (Bio-Rad). To standardize the assays, high-affinity antibodies with known binding characteristics were included on each plate, and the plates were developed when the absorbance of these controls reached 3.0 ± 0.1 OD units.
Competition ELISAs were performed by inhibition of binding of each biotinylated antibody of interest at the half-maximal binding concentration with a 10-fold molar excess of competitor antibody. HRP-conjugated streptavidin (Southern Biotech) was used for detection. The absorbance value of each antibody against itself is scored at 100% inhibition, and comparison of different antibodies was done as a percentage of this 100% inhibition. media, with or without 1 IC 50 of the respective antibody. After 6 passages, the antibody concentration was increased to 2 IC 50 . Three IC 50 were used for passages 7 and 8. Viruses from passage 8 were plaque purified, and 4 clones of each virus were picked and grown in 10-dayold embryonated chicken eggs for 48 hours. The presence of virus was confirmed using an HA assay. RNA was extracted from allantoic fluid using TriZol reagent (Invitrogen), cDNA was generated using SuperScript III reverse transcriptase (Invitrogen), and HA segments were subjected to Sanger sequencing. . Virus was rescued via a reverse genetics system, as previously described (44, 45) , with minor modifications to generate 6:2 reassortants (6 internal RNA segments from the influenza virus A/Puerto Rico/8/1934 and 2 genes encoding the HA and NA glycoproteins from A/Shanghai/1/2013). Individually, each pDZ plasmid coding for the HA segment was transfected with 7 other plasmids, coding for A/Shanghai/1/2013 NA and the remaining 6 segments from A/Puerto Rico/8/1934, into 293T cells. Twenty-four hours after transfection, supernatant/cell mixture was propagated in embryonated chicken eggs, as previously described. Rescued virus pools were dilution purified and sequence confirmed.
Generation of
Immunofluorescence assay. MDCK cells were infected with A/Shanghai/1/2013 wild-type virus, the escape mutants (045-051310-2B06, 042-100809-2F04, or S6-B01 mutants), or with the single point mutation viruses (A/Shanghai/1/2013 HA R364K, A/Shanghai/1/2013 HA G63E/G234D, A/Shanghai/1/2013 HA G63E, or A/Shanghai/1/2013 HA G234D) at an MOI of 3 in the absence of trypsin overnight. The cell monolayer was fixed with PBS containing 0.5% paraformaldehyde for 30 minutes and then blocked with PBS containing 5% nonfat milk for another 30 minutes at room temperature. Monoclonal antibodies (045-051310-2B06, 042-100809-2F04, or S6-B01) were diluted to 5 μg/ml in PBS 1% BSA and incubated for 2 hours at room temperature. Cells were then washed 3 times with PBS. A goat anti-human IgG Alexa Fluor 488-conjugated antibody (Life Technologies Inc.) was used for detection. Binding was visualized using an Olympus IX70 inverted fluorescence microscope. The mouse mAb E10 (anti-M2 antibody, Center for Therapeutic Antibody Development at Icahn School of Medicine at Microneutralization assay. MDCK cells were maintained in minimum essential medium (MEM) supplemented with 10% fetal calf serum at 37°C. Three-fold serially diluted antibody (starting concentration 300 μg/ml) in serum-free MEM with TPCK-treated trypsin (Sigma-Aldrich) was mixed with an equal volume of virus (~1,000 TCID 50 ) and incubated 1 hour at 37°C. Confluent MDCK cells in 96-well format were washed twice with PBS, and the antibody/virus mixture was added to the cells and incubated for 1 hour at 37°C. Then the antibody/virus mixture was removed, and cells were cultured for 20 hours at 37°C with serum-free MEM containing TPCK-treated trypsin and the antibody at the appropriate concentration. Then cells were washed twice with PBS, fixed with 80% ice-cold acetone at -20°C for 1 hour, washed 3 times with PBS, blocked for 30 minutes with 5% milk-PBS, and then treated for 30 minutes with 2% H 2 O 2 . An anti-NP antibody (EVS) diluted in 3% BSA-PBS was incubated for 1 hour at room temperature. An HRP anti-mouse antibody (Santa Cruz Biotechnology) was used for detection, the plates were developed using SigmaFast OPD (Sigma-Aldrich), and the absorbance was measured at 490 nm. The final concentration of antibody that reduced infection to 50% (IC 50 ) was determined using GraphPad Prism software.
Plaque assay and PRNT 50 assay. Plaque assay was done as previously described (16) , with the exception that cells were incubated for 48 hours with the agar overlay. Plaques were counted, and the final concentration of antibody that reduced plaques to 50% (PRNT 50 ) was determined using GraphPad Prism software.
Evaluation of the prophylactic and therapeutic efficacy in mice. Groups of 5 female BALB/c mice (The Jackson Laboratory) aged 6 to 8 weeks received a dose of 1.5, 5, or 15 mg/kg of purified antibody intraperitoneally. Control mice received purified human polyclonal IgG (Sigma-Aldrich) or a non-H7-binding H3N2-neutralizing monoclonal antibody (011-10069 2C01) at a 15 mg/kg dose. Two hours after treatment, mice were deeply anesthetized using a ketamine/xylazine mixture and infected with 7.5 LD 50 (3,975 TCID 50 ) of A/Shanghai/1/2013 (H7N9) viruses diluted in PBS (pH 7.4). In a therapeutic setting, mice received a 15 mg/kg dose of each antibody individually 24 hours or 72 hours after infection. The mice were monitored daily for survival and weight loss until day 14 after infection. Animals that lost more than 25% of their initial body weight were euthanized.
Evaluation of the pathogenicity of the escape mutant viruses in mice and determination of the LD 50 . Mice were challenged with escalating doses, ranging from 100 to 100,000 PFU, of the A/Shanghai/1/2013 H7N9 wild-type virus, the 045-051310-2B06 escape mutant virus, the 042-100809-2F04 escape mutant virus, or the S6-B01 escape mutant virus. The mice were monitored daily for survival and weight loss until day 14 after infection. Animals that lost more than 25% of their initial body weight were euthanized. The LD 50 was determined using GraphPad Prism software.
Generation of escape mutants. A/Shanghai/1/2013 virus was diluted in serum-free MEM media and was incubated with MDCK cells in 24-well plates for 45 minutes. After the incubation, TPCK-treated trypsin-containing MEM media supplemented with antibody (045-051310-2B06, 042-100809-2F04, or S6-B01) at a concentration equivalent to 1 IC 50 was added to the wells. Positive control wells (virus only) and negative control wells (no virus) were overlaid with TPCKtreated trypsin-containing MEM media only. Twenty-four hours after infection, supernatants were harvested and used to infect fresh cells that were again overlaid with TPCK-treated trypsin-containing MEM
